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COMPUTER SIMULATION OF RECONNECTION IN PLANETARY MAGNETOSPRERES __ .

7 Ben — o e S -
University of California, Los Alamos National Laboratory
~ Los Alamos, NM 8754F

Abstract. The earth’s magnetosphere provides an ideal opporturity to
model reconnection in well known geometries that are close enough to the
idealized analytic models to make a comparison of the computer models
with analytic theory meaningful. In addition more detailed, even three-
dimensional, models can be used for a comparison with extended data from
in situ observations. The computer studies have basically confirmed the
reconnection picture that was based on two-dimensional steady state
models and linear analytic theory. The three-dimensional models in
particular have also added a lot more information on the reconnection
process and the structure of flow, wmagnetic flelds, and currents
{ncluding many features that are consistent with observations and
enmpirical models of geomagnatic substorms.

1. INTRODUCTION

Modeling reconnection in the Earth’s magnetosphere has several
advantages that cannot be met anywhere else. On the one hand, the
underlying equilibrium structures are well known from observation and
can be described, in some casec even to & high degree of sophistication,
by eelf-counsistent analytic models. They are close erough to simplified
structurns, such as, for instance, a plane current sheet, that form the
base of most analytic work on reconnection, to make a comparison with
such analytic work meaningful. The equilibrium or quasi-equilibrium
structures. however, also contain small deviations £rom the simple
geometries, which might be important In influencing the xreconnection
process., An exumple is the small magnetic fleld compoment perpendicular
to the current shezt or plasma sheet in the geomagnetic tail. There is
no doubt thet :here can be a stahi’izing effect of such a normal
component, and as we will see later it also influenct:s the dynamic
evolution by the usymmetry that is assoclated with its yresence.

On the other hand, there {s the great advantage that the results
from reconnection models can be compared with in situ satellite



measurements, which are provided even in wmuch more detail than any
present theory can cope with.

Although reconncction procasses have been suggested to occur also
in other than the earth’s magnetosphere (e.g., Nishida, 1983), all
computer studies of magnetospheric reconnection have been devoted to
processes 1in the earth’s magnetosphere, mainly because of the above
mentioned detailed knowledge about those processes from observations but
also becauce the earth might serve as a representative example for any
magnetospheric reconnection. Also, most of the present veconnection
wodels are highly 1idealized and therefore general enough to have
applications not only in magnetospheres but possibly also {n stellar
atmospheres and other, even extragalactic, objects.

Reconnection 1in the earth’s magnetosphere is a consequence of the
interaction with the solar wind plasma as d¢monstrated by Fig. 1. At
the frontside reconnection leads to a transfer of magnetic flux from the
solar wind and the reglon ¢f closed magnetospheric field lines into the
region of open field 1lines that have only one foot connected to the
earth. The occurrence of front side recounnection is strongly favored by
a southward ccoponent of the interplanetary magnetic field. Without
additional recounecticn in the tail the magnetic flux on open ' field
lines must increase in time and Gecome stored in the lobes of the
geomagnetic tail, On the average (but not necessarily at each instant
of time) this flux transfer must be compensated by a transfer of flux
from the nightside lobes back into the solar wind and into the closed
field 1line reglon. The widely accepted view is that this occurs by a
nonsteady process in the near tail at about 15 Re, in so0 called
magnetospheric substorms, but possibly also by a moxe sceady
reconnection process in the far tail beyond the moon’s distance. Before
lobe field 1lines can reconnect (Fig. lc) in the near tail, the closed
plasma sheet field lines in between them must reconnect f£first., This
leads to somewhat shorter more dlpolar~like field lines earthward from
the reconnection region and to detached closed loops forming a so-called
plasmold tailward from it (e.zg., Hcnes, 1979). This plasmoid moves
tailwvard and leaves a very narrow plasma sheet behind (Fig. 1b). . This
process seem8 to occur gquasi-periodically with a reformation of the
original piasma sheet in between,

2. THI MCDELS

The optimum model would include the antire magnetosphere ueing . the
carth’s dipole and the lonosphere on one side and the unperturbed sola.
wind on the other side as boundary conditions. There are indeed  sucl
models which will be discussed in Section 3, in two and even three spaci
dimensions. The drawback of most of these models is that resistivity
which 18 neéecessary to allow for reconuection, is provided by numerica:
e’fects xather than by a physical interaction. Still they have give
relevant results on the global shape oif the magnetosphare an
reconnection sites,
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Figure 1. Schematics of  reconnection regions of the earth’ gy
wagnetosphera. The figure shows magnetic field 1lines in the noonw
midnight meridian plane and flow vectors (open arrows). a. Frontsidd
reconnection with transfer of magnetic flux from the solar wind and thif
front side magnetosphere into the lobes of the night side magnetotailj
b. New reconnection in the tail with the fcrmation of a magnetic islam,
("plasmoid") that subsequently moves tailward. c. Late: stage o
magnetotall reconnection with transfer of magnetic flux from the lobe:

into the closed nightside region and the solar wind.

i
i
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On the other side there are models dealing with more localize;
regions, such as the magnetotail, or with current sheets in general
These models can give a more detailed knowledge of structural changes
flows, currents, and so on generated by the reconnection process. Thes
models do not include the interaction with the solar wind, or accour
for it only by some assum:d magnetospheric response at the siumnlatic
boundary inside the uagnetopause. Nene of the models so far include
the interaction with the Jlounosphare and a possible feedback frg
jonospheric currents and electric fields. 1




In this paper we will concentrate on the results of the most
advanced, primarily three dimensional, nonlinear time dependent computer
models of reconmnection. We will not deal with the models of laboratory
experiments with their mostly toroidal or cylindrical geometry which
produce some peculiarities.,

The mean free path for binary collisions in the magnetosphere 1is
extremely long, much longer than any other length in the magnetosphere.
The plasma can therefore be treated as collision free. The best method
of simulation, at 1least 1in principle, would include the full iomn and
electron dynamics. Such models (e.g., Katanuma and Kamimura, 1980) are,
however, until now restricted to simulation system sizes of several
Debye lengths only, i.e., of the order of several hundreds of meters.
This 18 wmuch smaller than the typical equilibrium scales, which are a
few Rp for the plasma sheet half-width and roaghly 1000 ke for the
magnetopause thickness. Hybrid codes that inglude *the full ion dynamics
but treat electrons as a fluid (e.g., Terasawa, 1981) can at present
deal with scale sizes of a few ion Larmor radii (from several hundreds
to a few thousands of km) which is comparable to the thickness of the
magnetopaus~ but still somewhat smaller than the plasma sheet thickness,
at least before thinning associated with the dynamic phase of substorms
has cccurred. These codes, however, loose the electrostatic effects
from individual electron motion.

The very large scale structures and dynamics finrally can be " dealt
with only by fluid or WMHD approaches. The microscopic collisonless
process that leads to the deviation from ideal MHD with frozen-i. fields
is usually represented by some more or less ad hoc scalar resistivity.
This model can be justified by the following view of the initiation of
reconnection: : '

A driving force leads to a gradual compression of the curvent sheet
until a stability limit for a microscopic instablility is exceeded. The
microinstability leads to wave turbulence and through wave particle
interaction to an anomalous resistivity which initiates the large scale
reconnection  process. The mostly discucsed candidate for <chis
microturbuleace is the lowexr-hybrid drift instability because of itcs
relatively low threshold (Huba et al., 1978).

An  alternative is the possibility that the collisionless
instability itself is of large spatial scale. Again a driving force {is
needed to compress the current sheet and in particular reduce a normasl
magnetic field component until ions become non-adiabatic in the center
and are no longer tled to the field lines (Schindler, 1974; Galeev and
Zelenyi, 1977; Goldstei: and Schindler, 1982),

In either case, deviations from 1deal MHD are Important only in
very localized reglons 4inside the current sheets. It is therefore
plausible that the large scale gpatial pattern of .magnetic field and
flow velocity is governed by ideal MHD regardless of what localized
process enables the growth of the reconnertion mode. This 1is also a



possible Jjustification of discussing recomnectinn within ideal M
models, where resistivity is purely numerical. The situation might
comparable fo the theory of shocks where useful jump conditions can
derived without knowledge of the details and the dissipation wmechani
within the shock.

In this paper we will focus on the large scale structures &
dynamics of the reconnection process and therefore discuss mainly t
results from the MHD models.

3. GLOBAL MODELS

The first attempt to model a two-~dimensional magnetosphere it
global way including a (line) dipole field for the earth and 1
streaming solar wind was made by Leboeuf et al, (1978). At
consequence of a discontinuity in their solar wind boundary conditi
representing a southward rotation of the magretic field they report
. enhanced reconnection at the front side and in the tail and 1
formation and subsequent tailward motion of a region of closed magnet
loops corresponding to the plasmojd in phenomenological substorm wmods
(e.g., Hones, 1979). The resistivity in the so-called MHD particle o«
by Leboeuf et al., however, was purely numerical corresponding to a v
low magnetic Reynolds number % 3 -10 and a very short diffusion t
Tp ™ R.T where T, is the typical MHD time scale of e.g. Alfvén wav

m A A
As a consequence the resulting magnetosphere, which was of the t
suggested by Dungey (1961), had a very short tail. It differed o
slightly from the simple superposition of a 1line dipole and
homogeneous interplanetary field which 1s expected to result
infinitely fast magnetic diffusion. The model also suffered somew
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Figure 2. Magnetic tield lines in the noon-midnight meridian plane
the gloctal simulation by Lyon et al, (1981), a. After a southw
magnetic field has been incident for one hour. b, . 20 minutes later
peak of tail reconmnection.



from rthe fact that periodicity in the z direction (north-south} was
agsumed which meant that instead of the solar wind interaction with a
single magnetospheres actually - tie interaction with a lattice of
magnetospheres was treated,

Subsequent 2D global simulations (Lyon et al., 1980, 1981;
Brackbill, 1982) tried to reduce the numerical resistivity. Figure 2
shows results from a simulation by Lyon et al, (1981). Following a
southward turning of the magnetic field in the jincident solar wind,
steady reconnection at the frontside was found leading to tailward
convection of magnetic flux stretching the tail and increasing its field
strength. About an hour later reconnection in the tail started as 1
sponta‘cous process. The resistivity in this model allowing fox
reconnection was still purely numerical.

More recently, Brackbill (1982) presented a 25D global simulatior
using the current density dependent tésistivity model of Sato an¢
Hayashi (1979). Because of the inherent numerical resistivity the
maximum representable Reynolds number Rm was about 50. Figure 3 shows :
sequence of evolution in the presence of southward interplanetar:
magnetic field showing front side reconnection and subsequently tai’
deformation and tail reconnection.

Leboeuf et al., (1981) were the first to make thei:r global mode
three-dimensional. With a southward solar wind magnetic field the
found again a Dungey type magnetosphere with X-type neutral lines at th
front and in the tail, But because their numerical resistivity wa
still as high as in the 2-D model it 1is not surprising that thel
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Figure 3. Magnetic field lines in the noon-midnight meridian plane in
global siwmulation by Brackbill (1982) for time instants indicated in ¢t
fignres. Time units are Ry/V_ where V, is the gsolar wind s -~ed.




resulting counfiguration was close to the superposition of dipole field
and urniform interplanetary field.

Shortly after other global 3~D models followed with reduced
numerical diffusion. Brecht et al. (1981) reported results similar to
their 2-D simulations with reconnection still based on numerical
resistivity. The basic reconnection picture was found again. However,
the magne:ic field configuration in the tail plasma sheet was found to
be more complicated with multiple neutral lines moving tailward while
others formed newly closer to the earth. This result is similar to a
result by Birn and Hones (1981) using a model of the tail only, which
will be discusred in more detail in the following section.

4. MODELS OF LOCAL RECONNECTION

Global models of the magnetosphere including the discontinuities of
the bow shock and the magnetopause almost unavoidably contain a large
amount of numerical difiusion which makes the study of the dynamic
reconnection process and 1its dependence on  physical interaction
mechanisms difficult (fortunately, many large scele characteristics seem
not to depend much on the details of the interaction mechanism). More
local models which deal with only one of the possible reconnection sites
usually have less problems with numerical diffusion. They gain more
insight into the details of the structures around the reconnention
region, however, loose the interaction with the solar wind except for
the possibility of prescribing boundary conditions which might reflect
this interaction., They usually starxt from equilibrium configurations
which are mostly simple one-dimensional sheets and can be described
analytically. The resistivity models, however, vary.

In a 2-D simulation, Ugai and Tsuda (1977) initiated reconnection
in a plane current sheet by locally enhancing the resistivity., The
maximum resistivity corresponded to = 10 with a background value of
R¥ = ]000. They found a pattern of fast flow and a quasi-steady state
(Tsuda and Ugai, 1977) similar to analytic steady state wmodels
(Petschek, 1964) using open boundary conditions that allowed for free
outflow and inflow.

Suto and Hayashi (1979) tried to model “he generation of anomalous
resistivity by a current dependent resistivity of the form

a(j-jc)2 for § > 3,

1 (o otherwise

They started also from a one-dimensional plane current sheet using a 2-D
code. Because the current density had to exceed the threshold j before
resisitivity was generated and reconnection could be initgated, a

i



MAG.F IELD g S 3 VELOCITY — 2338
1:0.0 « o0 ELoCllY, &% R,
I = i i
— s
o { -
)
* - 4 * -
t 1 R 4 i
— — i i
- s 1.9 e 1.08 -0 XY .09 2.90 . 3.0
MAG.FIELD R0 VELOCITY ,
135.0 € 10,020 125, g
A titiiialads |
= =——
=" i
_————————y ,
e 1 |
. e 1 S
=
-—\ -
=

I:ﬂh .. 1.8 [N .. e -lnﬂao -y.00
VELOC!ITY 3
1:10.0 5% 3303

0. . g . o1,
FIELD % 15720
1318.0 s0

|'.u“ K .
VELOCITY

, 71:15.0 :
Li '
[}

3.0
MRG,

—
————

d ———

Dol prsmap—————

? ’ ;ﬁi”
|

9.0 1.00 .00 C..OO .0 O ~h.00 ‘

Figure 4., Computer plots of reconnecting magnetic field lines (left)
and plasma flow vectors (right) in a two-dimensional model by 3ato and
Hayashi (1979). All variables are normalized by combinations of the
initial maximum magnetic field, density, and plasma sheet half width.

driving force was necessary to gr.dually compress the current sheet and
increase the¢ current density. Sato and Hayashi assumed a nonuniform
inflow with a maximum speed of initially tvoically 20% of the Alfvén
speed at the ©boundaries parallel to the current sheet. The
perpendicular boundaries were treated as "free" or "upen." Sato and
Hayashi found again the typical flow pattern around an X-type neutral
point (see Fig. 4) including narrow current layers that were identified
as the slow shocks existing in Petschek’s (1964) model. They also found
that the electric field at the X-point saturated at a level that
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Figure 5. Magnetic field lines in a two-dimensional simulatlon of taii
reconnection by Birn (1980) for selected times: (a) t = 0,
(b) t = 110, (¢) t = 135, (d) t = 150, (e) £ = 165, (£f) t = 170,
(g) t = 180, and (h) t = 185; all times normalized by L/V, wvhere L is
the characteristic plasma sheet half width and Va the Alfvén speed.

depended on the inflow velocity, i.e., 01 the axternal electric fleld.
This is why they called their reconnection prozess externally driven.
AL By Siaven.

Different results concerning the role of an external driving

mechanism were reported by Birn (1980) and Ugai (1982) using two-

dimensional resistive models and by Terasawa (1981) using a two-

dimensional nybrid particle simulation code which treatzd electrons as a



fluid. Terasawa started from a Harris plane sheet equilibrum (Harris,
1962) wusing periodic boundarzy conditions in the direction along th
sheet. He found a phase of norlinear more rapid growth of the tearing
mode before saturation, which was similar to the explosive mode propose
by Galeev et al. (1978). Ugai’s mc . was a continuation of the
earlier 2-D calculations by Ugail and Tsuda using a more sophisticatei
model of localized resistivity which Included a threshold for rise am
decrease of anomalous resistivity. As the initial drift velocit)
exceeded the onset threshold :low  reconnection started imasediately,
After some time interval characterized by a decay of the initia!
resistisity a fast "explosive" increase of reconnection occurred eve:
when the oper boundary parallel to the current sheet was replaced by :
rigid wall.

Birn (1980) started from a more realistic initial tai
configuration including a finite normal magnetic field component am
flaring of the lobe field 1lines (Fig. 5a). After applying constan
resisitivity with = 500 he founc the growth of a tearing instabilit
leading to thinning of the plasma sheet and to the formation of neutra
points and a _plasmoid moving .ailward (Figures 5a-h). A pattern'o
strong flow was set up around the X-point similar to the Petschek mode
(Fig. 6). He also found sheets of enhanced current density similar t
those fouud by Sato and Hayashi (1979) related to the slov shock
postulated by Petschek. Similar vresults were recently obhtalned b
Forbes and Priest (1983) starting from a plane sheet configuration bu
intioducing asymmetry in the x coordinate along the sheet throug
asymmetric boundary conditions with line-tying at the near earth sid
and open boundaries elsewhere.
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Figure 6. Velocity pattern at t = 180 for the same simulation as'!
Figure 5. The dashed line represents the magnetic fileld separsatr
through the X-point; the dotted llne- represents maxima of electr
current density for x = const. (from Birn, 1980). '



Figure 7. ¢fe2lf-consistent tbree-dimensional magnetotail equlibrium
configuration by 3Birn (1979) used as 4initial configuration for the
three-dimensional reconnection simulati~a by Birn znd Hones (1981). The
figure shows maganetic ficld lines in the midnight meridian x,z plane
and close to the magnetopause boundary. The plasma sheet 1s inulcated
by dark shading and the dashed line. The ncar earth part (not used in
the simulation) 1s not calculated and added only for better illustration
(from Birnm, 1979).

Subsequeatly Birn’s model was made three-dimensional (Birn and
Hones, 1981) starting from a self-consistent three-dimensional tail
equilidbrium (Birm, 1979; Fig. 7). Again the growth of the tearing mode
was initiated by the oncet of (constant) resistivity (R_ = 200)., Plasma
sheet thinning and the rormation of a neutral line and the tailward
moving plesmcid were observed again with the picture in the midnight
merfdian plane very similar to the 2-D model (Figs. 5 and 6).

The t=ulird dimension, however, enabled new results not present in
the 2-D models. This is demonstrated by Figure 8 which shows flow
velocity vectors and the neutral lines (dotted lines) in the equatorial
X,y plane. Reconnection and strong flows do not occur across the entire
tafil as they would in a 2 D model but are rvestricted to a center reglon
where also the thinaliy takes place, This is a consequence of the 3--D
equilibrium with plasma sneet thickening and correspondingly an increase,
of the normal magnetic field component B, toward the dawn and dusk
flanks of the magnetotail.

The pattern 4is also more complicated than in 2-D. The region of
strong tailward flow donrs not exactly coincide with the region where B
has changed sign, which 18 enclosed by the neutral line. The reutral
line itself is more complicated and can become multiple similarly as
reporsed by Brecht et al. (1981),
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Figure 8. Flow vectors and magnetic neutral lines (dott 'd lines) in the
equatorial x,y plane in a thuree~dimensional magnetotail reconnection
simulation by Birn and Hones (1981), Times as shown on the left are
normalizea in the same way as for Figure 5. The 1length of the flow
vectors is proportional to the speed with the maximum vectors
corresponding to about 0.7 in units of the typical Alfvén velocity.

0f special interest is the current pattern in .and around the
reconnection reglon and around the plasmoid. Before we discuss this it
1s useful to visualize the 3-D structure of field lines in and around
the plasmoid as shown in Figure 9, The field lines are represented
above the equatorial plane as seen from the tall toward the earth. The
centerward draping of the field lines causes a shear of the magnetic
field and thereby field aligned currents in particular close to the
separatrix surface, i.e., the field lines originating from the X-line.

The currents are shown in Figure 10 by vectors ot current density
in the equatorial x,y plane and by projections in a cros: -section of the
tail. Figure 10a shows a deviation of the current vectors from the
original cross-tall direction. The deviation earthwaxrd from the main
X~line {s ecarthward on the dawnside and tailward on the dusk side.
Oppositely directed deviations ave found tallward from the X-line., It
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Figure 9. Three-dimensional representation of magnetic field lines
computed by the 3-D model of Birn and Hones (1981) for a time about 12
minutes after reconnection begins, Projections of the magnetic field
lines into the X,y plane a:e shown by light Jines (from Hones et al.,
1982). :

looks as if the .urrent tends to flow around the center diffusion
region., A similar deviation is found in the cross-sections of constant
x at some distance from the X-line. The current tends to flow around
the plasmoid. The current density inside the plasmoid 1s reduced and
can even become oppositely directed (Fig. 10b).

Similar results on suxanl_aninsign_are recently reported by Sato
et al. (1983) in a model of 3-D driven reconnection, The model was

similar to thefr previous 2-D models already mentioned., The initial
conf’guration was dagain a plane current sheet. The dependence on the
other dJdlrections was introduced, and the reconnection was driven by a
nonur.lform Lnflow velocity at the buundaries parallel to the sheet with
a maximum at some center point, Figure 1]l shows the current density
vectors in the equatorial x,y plane and some parallel plane above. One
can sBee, even more pronounced than &n the model of Birn and Hones, the
oppositely directed currents at some distance from the X-line which 1is
in the center of the frame. The currents get partly concentrated right
at the X-line and tend to flow around it at highnar latitudes.

Although thure ls sowe simlilarity of the two 3-D models discussed
above in the changes of current flow, the field aligned currents that
are found in both models earthward from the X-line have opposite
dir ctions flowing toward the earth on the dawn side and away on the
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Figure 10. Current density vectors (a) in the equatorial x,y plane and
(b) projections in the plane x = 40 for a three—iimensional magnetotail
reconnection simulation of Birn and Hones.

dusk side in the model of Sato et al. and the opposite way in the model
of Birn and Hones. This need not be contradictory as the two approaches
were quite different. Both field aligned current systems are realized
in the nmagnetosphere, and it is indeed conceivable that the outer system
which has the signatures of that found by Sato et al. 18 indeed
externally driven while the Inner system corresponding to that found by
Birn and Hones is caused by the internal dynamics.

5. SUMMARY

We have presented a variety of models of the dynamic evolution of
the wnagnetosphece and sheet like configurutions as they are present at
the magnetopause and in the magnetotail and probably in many other
astronomical bjects as well, It seems that the typical reconnection
pattern predicted by the 2-D steady state theory (e.g., Petschek, 1964)
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Figure 11. Current density vectors in the equatofial x,y plane (z = 0)
and a parallel plane (z = 0.36 L) at t = 14,6 1, in a three-dimensional
simulation of driven reconnection by Sato et al., (1983).

can be found for a variety of different initial configurations, boundary
conditions, and resistivity models, even though most of the models dlid
not reach a steady state, Although the basic view of reconnection
formed by Petschek’s steady state mode’ and the linear tearing theory
(Fr.oth et al.,, *963) is thus very wel. .Lonfirmc?, the models added slso
more information about the nonlinear phase of evolution and about the
3-D  structure in more realistic geometries especlally for the
geomagnetic tall., Many of the features that were found are consistent
with basic features of phenomenological substorm models, e.g., plasma
sheet thi.ning, neutral line formation, plasma acceleration to speeds of
the order of the Alfvén speed, current diversfon, and the generation of
field-aligned currents. The models have also shown that reconnection
may be a localized phenomenon 4in the sense that it occurs only in a
limited region of a current sheet configuration where the normal
magnetic field component is weakest. Although this result stems from a
magnetotall model, it might also be some clue for the understanding of
the patchy type of magnetopause reconnection that is believed to occur
in the so-called flux tramsfcr events (Russell and Elphic, 1978).

Inprovements are needed to include the particle effects Iin wore
realistic geometries including for instance a normal magnetic .eld
component B, Iin the magnetotall current sheet. 1In this context .lt is
useful to point out that it 18 necessary for such simulations also to
include the lcbe regions around the plasma sheet where B changes sign
because a confliguration with the same sign of B, everywhere would be
stable (Birn et al., 1975).
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